Abstract-This paper introduces a new design technique for a capacitive gap-coupled bandpass filter (BPF) using non-uniform arbitrary image impedances. Based on the proposed BPF equivalent circuit model, the filter's design equations are derived, and they are validated from comparisons of the calculated and simulated results. For this theoretical verification, the BPF using non-uniform arbitrary image impedances is designed using the specifications of: center frequency (f c ) = 5.8 GHz, fractional bandwidth (F BW ) = 3.5%, and filter stage (N ) = 3. The calculated and simulated results of the designed filter show good agreement. The BPF using the proposed design method could provide an advantage that one can arbitrarily determine two different image impedances, which ultimately affects the BPF's coupling gaps and line widths. This could result in suitable filter dimensions, i.e., gaps and line width, for a conventional low resolution photolithography fabrication although a low or high dielectric constant substrate is used for the design.
INTRODUCTION
In RF/microwave and millimeter wave systems, a filter is one of the important components since it controls signal flows within a certain frequency band. For emerging multiband/multifunction communication systems, filter designs including low loss, compact size, and high frequency selectivity are necessary. Planar type filters using microstrip have been popular, and their various design techniques have been presented for last few decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . In planar type bandpass filters (BPFs), parallel and capacitive gap-coupled line BPFs are frequently used for many system designs because they are relatively easy to design and provide a reasonable performance. Their analysis and design formulas are well described in [1] [2] [3] . In the designs of these microstrip coupled type BPFs, a dielectric constant should properly be selected in order to obtain suitable filter dimensions which are appropriate for a conventional low resolution photolithography fabrication process. For an example, in a conventional capacitive gapcoupled line BPF design, the lower the dielectric constant is used, the narrower the coupled-gap dimensions is required in order to obtain a desired capacitance value. Therefore, in a low dielectric constant substrate, the coupled line's gap dimension can be too narrow to be fabricated using the conventional low resolution etching process. In order to avoid the inappropriate gap dimensions, an alternative design technique to control the gap dimensions is necessary.
In [4] , a parallel coupled line BPF design using a uniform arbitrary image impedance has been introduced. In this paper, a novel design technique for a capacitive gap-coupled BPF using non-uniform arbitrary image impedances is introduced. Proposed design formulas are validated from comparisons of computed and simulated data.
Using the proposed design technique, capacitive coupled line's gap dimensions can be controlled by changing the coupled line's image impedances.
PROPOSED DESIGN METHOD USING NON-UNIFORM ARBITRARY IMAGE IMPEDANCES
A conventional capacitive gap-coupled BPF is presented in Figure 1(a) . As shown in Figure 1(a) , each resonator's characteristic impedance and input/output port characteristic impedance are set at Z o . However, the proposed capacitive gap-coupled BPFs in Figures 1(b) and (c) employ two different image impedances (Z 1 and Z 2 ) which are not identical to the input/output port characteristic impedances. Here, the two image impedances could arbitrarily be determined. Figure 2 presents the equivalent circuit models of the proposed capacitive gap-coupled BPFs in Figures 1(b) and (c). It should be noted that another transmission line section at input/output in Figures 1(b) and (c) is added for maintaining symmetric coupling structures. In order to utilize admittance inverters, the equivalent circuit in Figure 2 (a) could be transformed as Figure 2(b) . Then, the transmission line electrical lengths in Figures 2(a) and (b) can be expressed as: 
In (3a), ω 0 is a center frequency of a designing BPF. When ω ≈ ω 0 , the equation in (3a) is then manipulated as: For simplicity, the expression in (3b) could be rewritten as:
where M and N are:
Based on (4), input admittance, Y b in Figure 2 (c) can be expressed as:
Since the expression in (7) shows a similar form to (4), the equivalent circuit model in Figure 2 (c) could be transformed as in Figure 3 . As a result, B b in Figure 3 is written as: 
The input impedance of the second transmission line section in Figure 4 (b) is then shown as:
Since both ends of the lines in Figures 4(a) and (b) are physically open circuit, the condition, Z L Z 1 and Z L Z 2 could be applied to (9)- (11) . As a result, using their admittance expressions, (9)- (11) can be simplified as:
B 1 and B 2 which are the input susceptances of the first line section in Figure 4 (a) can be determined from (12) and (13) . Total susceptance, Once the total susceptances (B r1 and B r2 ) of the first and second line sections are found in Figure 3 , their slope parameters can simply be determined by solving the first order differential equations in terms of ω:
Using (15) and (16), J-inverter expressions for the proposed BPFs in Figures 1(b) and (c) can be presented as:
In (15)- (18),
, and g = lowpass prototype element value.
Based on the new J-inverter equations in (17) and (18), the series capacitive susceptances and negative electrical lengths in Figure 2(b) can be shown as:
Since B (1), (2), (19), and (20), the electrical lengths of the proposed BPFs in Figures 1(b) and (c) can be calculated from:
Using (19), actual series coupling capacitance values in Figure 2 (a) can be determined by:
VERIFICATION OF PROPOSED EQUATIONS
In order to validate the proposed design method, a capacitive gap-coupled BPF using non-uniform arbitrary image impedances is designed based on the derived equations. The simulated results are then compared with the calculated results. For the theoretical verifications, the BPF is designed on microstrip, where a substrate thickness and a dielectric constant are 0.508 mm and 2.2, respectively. The BPF's center frequency is 5.8 GHz and the FBW is set to 3.5%. The number of the filter stages is N = 3, and Chevyshev prototype element values for passband ripple of 0.01 dB have been used for the proposed J-inverter calculations. Based on the proposed equations, the BPF's electrical lengths and capacitance values are calculated from (17)-(24). Table 1 shows the resulting element values. higher. In this case (Z 1 <Z 2 ), the filter's bandwidth also increases as Z 2 becomes greater than Z 1 . In (17) and (18), increasing Z 2 results in larger J-inverter values. Because J-inverter values are always less than a unity for a BPF design, a susceptance in (19) becomes larger. Therefore, a capacitance in (24) becomes greater As a result, increasing Z 2 produces a wide bandwidth due to a larger capacitance. In Figures 5(c) and (d), the magnitude of return loss in the passband increases as Z 2 becomes smaller than Z 1 . However, in this case, a bandwidth of the BPF decreases. When Z 2 is further decreased in Figure 5 (d), it is also observed that the designed BPF produces a single S 11 pole in the passband. As mentioned earlier, the image impedances (Z 1 and Z 2 ) can arbitrarily be set by a designer, but input/output feed line characteristic impedances (Z 0 ) are fixed at 50 Ω. Figures 6(a) and (b) show the frequency responses when Z 1 = Z 2 . In Figure 6 (a), the arbitrary image impedances, Z 1 and Z 2 are set to 70 Ω. This could be the uniform arbitrary image impedance design for a capacitive gap-coupled BPF. As shown in Figure 6(a) , the design provides a return loss greater than 20 dB, and satisfies the desired design specifications, i.e., FBW, center frequency, and etc. In Figure 6 (b), the arbitrary image impedances, Z 1 and Z 2 are set to 50 Ω, which is identical to a conventional capacitive gap-coupled BPF. Both calculated and simulated results in Figures 6(a) and (b) show good agreement.
CONCLUSION
A capacitive gap-coupled BPF using non-uniform arbitrary image impedances has been introduced and studied based on circuit and classical filter theories. The proposed design topologies and equations are validated from comparing the equation based calculation results and simulated results.
In the proposed design, two different impedances can arbitrarily be set to the image impedances of a capacitive gap-coupled line BPF. Therefore, a designer can favorably control the BPF's resonator characteristic impedances. This would allow of reasonable line widths and gap dimensions on a low or high dielectric constant substrate. Using the derived design equations, a capacitive gap-coupled BPF has been designed and simulated. Both calculated and simulated results have shown good agreement. The proposed design technique is simple and easy, and the design could be realized using a microstrip line or a suspended strip line.
